Most promising operating cycles being developed for future coalgas-based systems are hydrogen-fired cycle and oxy-fuel cycle. Both cycles will likely have turbine working fluids significantly different from those of conventional air-based gas turbines. The oxy-fuel cycle, with steam and CO 2 as a primary working fluid in the turbine section, will have a turbine inlet temperature target at approximately 1750 o C, significantly higher than the current level of utility turbine systems. Described in this paper is a CFD-based simulation of the transport phenomena around the gas side of a turbine airfoil under realistic operating conditions of future coal-gas-based systems. The relatively high concentration of steam in the oxy-fuel turbine leads to approximately 40% higher heat transfer coefficient on the airfoil external surface than its hydrogen-fired counterpart. This suggests that advances in cooling technology and thermal barrier coatings (TBC) are critical for the developments of future coal-based turbine systems. To further explore this issue, a comparative study on the internal cooling effectiveness between a double-wall or skin-cooled arrangement and an equivalent serpentine-cooled configuration is performed. The contribution of thermal barrier coatings (TBC) toward overall thermal protection for turbine airfoil cooled under these two different cooling configurations is also evaluated.
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INTRODUCTION
Fossil fuels are likely to remain the major source of energy for power generation in the near future and well into the 21st century. In order to meet the 2010-2015 performance goals for Advanced Power Systems, future land-based, hydrogen-fired and oxy-fuel turbines will need to operate at substantially higher temperatures (Table 1) [1, 2] for extended periods of time, in environments that contain higher moisture concentrations in comparison with current commercial natural gas-fired turbines.
Hydrogen-fueled combustion turbine systems are conceptually based on a complex cycle composed of a closed Brayton and Rankine cycle. Hydrogen turbines are expected to be a key part of near-term integrated gasification combined cycle (IGCC) plants that can sequester carbon dioxide. Hydrogen and oxygen are supplied as the fuel and oxidant, respectively, to a compressor and burned in steam. The pressurized steam feed enters a high-temperature turbine at 1700 o C for stator blades, and 1570 o C for rotor blades. Since these elevated temperatures are typically higher than the melting temperatures of alloys used in the construction of the hot gas structural components, the components are cooled by air extracted from the turbine compressor and directed through the cooling passages designed into the component.
Alternatively, oxy-fuel turbines promise ultralow or nearly "zero" emission power generation where nitrogen is removed in the combustion air, and replaced with steam, thereby preventing the formation of nitrogen oxides. This eliminates the need for expensive, low-NO x combustors and SCR (selective catalytic reduction) exhaust gas NO x reduction. The exhaust stream of the oxy-fuel process is subsequently separated into concentrated CO 2 and water. The turbine exhaust gas is a highly enriched CO 2 stream with a small amount of excess oxygen. This exhaust gas can be processed to reduce excess oxygen to satisfy sequestration oxygen requirements if needed, then dried and compressed, reducing the cost and plant performance impact of CO 2 removal for sequestration compared to the standard IGCC plant configuration. One of the major scopes of the present study is to assess the thermal characteristics of the external surface of turbine airfoil for various options of future syngasbased turbines. Specific focus here is on gaining further understanding of the effects of the turbine working fluid composition on the turbine external heat transfer. As shown in Table 1 , the working gas composition indeed varies substantially for the four different future turbine options. It is especially evident that the steam concentration is very high, ~80% in an oxy-fuel turbine, while nitrogen is dominating in syngas and hydrogen turbines. While heat convection is deemed to be the primary mode of external heat transfer in a conventional gas turbine, radiation could be significant as steam is far more radiatively participating than air or nitrogen in diluted gas stream. A recent study on a two-dimensional airfoil suggested that the radiation with an approximately 50% of steam-CO 2 mixture amounts to a 3-5% increase by imposing external heat load on a turbine surface [3] .
To maintain the airfoil substrate integrity, the external heat load has to be either insulated by thermal barrier coating (TBC) or removed convectively by internal cooling. To explore the effects of different internal cooling mechanism on the airfoil substrate temperature is another key objective of this study. Minimizing the coolant requirement to meet the desired cycle efficiency goal could be one of the most challenging issues for the development of the future coal-based power generation systems. Typical design of internal cooling for a turbine airfoil includes several passages often connected in a serpentine fashion. Recent advances in internal cooling and airfoil casting led to the development of so-called "double-wall" or "skin-cooling" technology. The double-wall is composed of an outer airfoil skin and an inner support wall that are metallurgically bonded to one another. The space between the double walls forms a passage for coolant flowing closely adjacent to the airfoil skin, by which the "skin cooling" is named. Heat removal in this case is expected to be more effective compared to the typical serpentine arrangement, as the coolant is positioned closer to airfoil's outer wall. The present study evaluates the efficacy of double-wall cooling as it is implemented in the future hydrogen-fired and oxy-fuel turbines. Since experimental simulation for high temperature phenomena is understandably difficult, if not impossible, the current study is pursued computationally, using two well-tested commercial codes, FLUENT and ANSYS. The simulation models and validation of these two codes for the present study is similar to that described earlier in [4, 5] . Table 2 provides the gas compositions for three representative turbines used in the present study. The first gas composition, "S-Gas" represents the DOE syngas turbine, the second gas composition represents the hydrogen turbine, and the third gas composition represents the oxy-fuel turbine. The "O-Gas" has the highest steam content, 82%; whereas the "S-Gas" has the lowest steam content, about 8.5%.
Airfoil External Heat Transfer
To evaluate the effects of different turbine gases, the same airfoil geometry, i.e., the NASA E 3 (Energy Efficient Engine) high-pressure turbine airfoil [6] was chosen for all the simulation. Even though the airfoil was developed more than two decades ago and primarily for aircraft engines, the E 3 airfoil still has many modern features and resemblances to power turbine airfoils. The E 3 airfoil was made of high strength, high temperature single crystal alloys with advanced aerodynamics and cooling technology. It has a profile of thin wall thickness and cooling passages designed to provide the desired distribution of radial mass. The numerical simulation of flow field and surface heat transfer coefficient used FLUENT CFD code with the standard k-ε model. Details of computational procedures can be found in earlier studies [3] . To facilitate a direct comparison among three different gases, the same operating condition, based on the hydrogen-fired turbine configuration (Table 1 , 2015 goal), is used for the simulation of all cases. Specifically, the inlet conditions are set at 300 psig, 2600 o F (1430 o C, ~1700 K) and Mach number 0.45, the outlet pressure is set at 150 psig. Mid-span local results from the simulation of external thermal load are presented as curve length plots, starting from the leading edge and proceeding to the trailing edge, and divided for both the pressure side and suction side. As shown in the curvilinear coordinate around the airfoil in Fig. 1 , note that the chord length along the suction side is longer than that of the pressure side. Figure 2 shows results of the static pressure distribution obtained from the simulations for all the three gas compositions. As expected, the pressure distribution is uninfluenced by the difference in gas compositions. The overall trend of pressure distribution agrees well with that of a typical airfoil and corresponding descriptions documented in the NASA E 3 report [6] . Figure 3 shows the corresponding results of local heat transfer coefficient distributions at the mid-span of the airfoil. On the suction side, the heat transfer is high near the stagnation point, thereafter decreases toward downstream, followed by a rise reaching a local maximum at about 30% of chord length. Such a local maximum signifies a boundary layer transition from a laminar to turbulent flow. The magnitude of heat transfer coefficient then decreases again toward the trailing edge, possibly due to flow separation and/or shock-boundary layer interaction. 
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The heat transfer coefficient on the pressure side also reveals very high magnitudes near the leading edge, followed by a decline toward downstream, due to boundary layer thickening. After reaching a local minimum, it then rises again, consistent with the higher turbulence level associated with a concave surface. These features are in good agreement with the corresponding results in the turbine literature [7] , which, in turn, provides a benchmarking and confidence level for the validity of the current simulation effort.
Further examining Fig. 3 reveals that the S-Gas (syngas) turbine and H-Gas (hydrogen) turbine exhibit virtually identical external heat transfer characteristics on both the pressure and suction sides. Moreover, the O-Gas, the gas composition representing an oxy-fuel cycle with a high concentration of steam, consistently gives higher heat transfer coefficient, about 50-60% in magnitude, in comparison to S-Gas and H-Gas. This finding has a significant implication for thermal protection and cooling for future turbines, and can be justified by the fundamentals of convective heat transfer. As the airfoil geometry and stage-wise pressure drop are kept the same for all three cases simulated, the magnitude of heat transfer coefficient in a fully turbulent convective system would vary with fluid properties:
where h is the heat transfer coefficient, k is the thermal conductivity, ρ the density, C p the specific heat of constant pressure, and μ is the dynamic viscosity of the working gas. Table 3 lists realistic values of key thermal properties for the three gases at temperature of 1427 o C (1700 K). These data, in conjunction with Eq. (1), clearly suggest that S-Gas and H-Gas bear similar characteristics in external heat transfer. Moreover, O-Gas would yield an approximately 55% higher heat transfer coefficient than S-Gas and H-Gas. This is in a perfect agreement with the simulation results. The main factor contributing to the elevated heat transfer coefficient for O-Gas is the thermal conductivity associated with steam, which is about 2.5 times higher than that of nitrogen or carbon dioxide at 1427 o C (1700 K). As O-Gas is a mixture comprising more than 80% steam, its thermal conductivity is about 1.7 times the thermal conductivity of nitrogen-dominated S-Gas and H-Gas, as shown in Table 3 . 
Effects of Airfoil Internal Heat Transfer
As mentioned earlier, the performance goals of future turbine systems dictates limited usage of external cooling, so internal cooling becomes increasingly important. Therefore, one of the major objectives of this study is to evaluate the effects of internal cooling on the airfoil substrate temperature under the realistic operating conditions of future coal-gas-based systems. Figure 4 shows the two internal cooling configurations studied in the present effort. Figure 4a displays the cross section of serpentine cooling passage along the mid-plane from the original design of NASA-E3 airfoil. Figure 4b represents a double-wall or skin-cooling configuration modified from Fig. 4a . For the skin-cooled airfoil, the cooling passages are position at 1 mm away from external wall of both suction and pressure sides. The narrow channels close to the airfoil surface typically have an aspect ratio of about 4. To calculate the temperature distribution over the airfoil metal, a mid-plane domain, shown in either Figure 4a , or 4b, is imported into ANSYS and meshed with approximately 20,000 tetrahedral elements. Figure 5 gives a schematic of the multilayer thermal protection system for the metal substrate (base material). Such a schematic can be represented by a simple thermal circuit model where the overall thermal resistance between the hot gas and coolant can be evaluated. Exterior to the base material are the bond coat and the ceramic outer layer, i.e., Thermal Barrier Coating (TBC). The thickness of the entire TBC coating layer, including the outer layer and bond coat, is approximately 1/10 to 1/5 of the superalloy substrate thickness. In general, coatings on blades and vanes are thinner (200 × 250 μm) compared to those used in combustors (~1 mm or higher).
Once the surface heat transfer coefficient on the airfoil is available from the FLU-ENT flow simulation, as shown in Fig. 3 , the effective heat transfer coefficient can be evaluated as follows: where A is the blade surface area, h is the gas-side surface local heat transfer coefficient, and L, K are the thickness and thermal conductivity of each TBC layer, respectively. Table 4 lists the properties of YSZ-based TBC. The airfoil base material uses a single crystal nickel-based superalloy, CMSX-4, for the present simulation. Constant heat transfer coefficient (h c ) is imposed over all internal cooling passage walls. This understandably is an approximation, as the internal heat transfer coefficient depends strongly on the actual surface enhancement and on how the coolant flows inside the airfoil. Based on the modern-day power turbine designs, the internal heat transfer coefficient typically varies between 1000 and 5000 W/m ⋅K, used for the present study fall in the nominal range of typical applications [8] . Since, in reality, the magnitude of h c varies among different passages, the present values can be deemed as representative averages over the entire airfoil. Fig. 6 suggests that the overall temperature of the skin-cool airfoil is much lower than that of the serpentine-cooled airfoil for both hydrogen-fired and oxy-fuel turbines. Though the results are not shown here, the same trend prevails for h c = 1000 W/m 2 ⋅K. Temperature is particularly low in the interior portion of the airfoil for the skin-cooled case, as the heat from the external surface is removed by the surface-adjacent cooling channels before it reaches inward to the bulk of the airfoil. Also notable is that skin cooling renders significant temperature reductions on the suction sidewall. While the contour levels (colors) look similar between Figs. 6a and 6b, the temperature for the oxy-fuel turbine is about 100 to 200 o C higher than the corresponding hydrogen case, as the temperature scales are different. As superalloy typically has an operating limit, due largely to the creep constraint, of around ~1370 K (1100 o C), the current study shows that only the case of Figures 8 and 9 exhibit the mid-plane metal surface temperature distributions affected by cooling arrangement and the magnitude of internal cooling coefficient for hydrogen-fired turbine and oxy-fuel turbine, respectively. It is evident from both figures that a replacement of serpentine cooling by skin cooling substantially reduces the metal surface temperature, especially in the mid-chord section, where the near-skin cooling channels exist. The improvement is much more significant for the suction side, ~100 o C, than for the pressure side, ~50 o C. Understandably, the skin-cooling approach is more effective for the region where the gas-side external heat transfer coefficient is higher. As shown in Fig. 4 , the value of h c for the suction side over the upstream portion of the airfoil is about two or three times greater than that on the pressure side. 
Varying internal heat transfer coefficient
While the discussion so far assumes that the internal heat transfer coefficient is uniform for all cooling passages in an airfoil, this is by no means the case in reality. The magnitude of h c , which is the quantitative measure of internal cooling effectiveness, generally decreases with the passage length [9] . The distribution of h c could be rather nonuniform as the coolant could be subjected to sharp turns and under influence of buoyancy and Coriolis forces associated with rotation. In the present study, the magnitude of hc in the serpentine-cooled case is assumed to reduce by 20% for each passage toward the trailing edge, as depicted in Fig. 10a . Correspondingly, the passage-wise reduction in h c for the skin-cooled airfoil is 10%, as there are more passages in the airfoil, as shown in Fig. 10b . Part of the reason for the lower reduction is that the narrow passages for the skin or double-walled cooling tend to inherit higher heat transfer coefficients than their conventional serpentine counterparts. This is due, in part, to the recent advances in airfoil casting process that permits implementation of more sophisticated heat transfer enhancement features in the passages. Similar to the previous simulation, the coolant temperature is assumed constant at 800 K (~530 o C) and the TBC thickness is uniform at 250 μm around the entire airfoil.
Figures 11 and 12 reveal the effects of varying internal heat transfer coefficient on the distribution of airfoil metal substrate surface temperature. In each figure, the corresponding baseline case with h c = 3000 W/m 2 ⋅K is also plotted for comparison. As the local metal surface temperature is affected directly by the heat removal capability in the vicinity, its magnitude starts to deviate from the baseline level and rise notably as the value of hc in the adjacent cooling passage falls below the 3000 W/m 
CONCLUSIONS
Described in this paper is a three-dimensional numerical simulation to assess the external heat transfer characteristics and the effects of internal cooling on the thermal characteristics of an airfoil when operated in the future hydrogen-fired turbine and oxy-fuel turbine. Using the NASA E 3 airfoil as the simulation framework, the present study evaluates the efficacy of so-called double-wall cooling or skin-cooling approach, with a comparison with the conventional serpentine-passage cooling technique. The effects of increased internal heat transfer coefficient on the airfoil substrate material with different cooling arrangements in both hydrogen-fired and oxy-fuel turbines are quantitatively characterized. 
